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CD4 T cells are important for control of infection with murine gammaherpesvirus 68 (�HV68), but it is not
known whether CD4 T cells function via provision of help to other lymphocyte subsets, such as B cells and CD8
T cells, or have an independent antiviral function. Moreover, under conditions of natural infection, the CD4
T-cell response is not sufficient to eliminate infection. To determine the functional capacities of CD4 T cells
under optimal or near-optimal conditions and to determine whether CD4 T cells can control �HV68 infection
in the absence of CD8 T cells or B cells, we studied the effect of ovalbumin (OVA)-specific CD4 T cells on
infection with a recombinant �HV68 that expresses OVA. OVA-specific CD4 T cells limited acute �HV68
replication and prolonged the life of infected T-cell receptor-transgenic RAG (DO.11.10/RAG) mice, demon-
strating CD4 T-cell antiviral activity, independent of CD8 T cells and B cells. Despite CD4 T-cell-mediated
control of acute infection, latent infection was established in DO.11.10/RAG mice. However, OVA-specific CD4
T cells reduced the frequency of latently infected cells both early (16 days postinfection) and late (42 days
postinfection) after infection of mice containing CD8 T cells and B cells (DO.11.10 mice). These results show
that OVA-specific CD4 T cells have B-cell and CD8 T-cell-independent antiviral functions in the control of
acute infection and can, in the absence of preexisting CD8 T-cell or B-cell immunity, inhibit the establishment
of gammaherpesvirus latency.

After the acute infection is cleared, gammaherpesviruses
establish a chronic equilibrium with the host such that the
immune system prevents the virus from overwhelming the host
but fails to eliminate the infection. Viral contributions to this
equilibrium include genes that provide to the capacity to es-
tablish, maintain, and reactivate from latent infection. Host
contributions to the this equilibrium include the capacity of
CD4 T, CD8 T, and B cells to control acute and latent virus
infection. Disruption of this equilibrium has serious conse-
quences during chronic infection, including development of
virus-associated tumors and vascular disease in different hosts
(40, 49, 51, 55).

To better understand gammaherpesvirus pathogenesis and
immunity and to identify the immune mechanisms that con-
tribute to the maintenance of the host-virus equilibrium during
chronic infection, we and others have studied murine gamma-
herpesvirus 68 (�HV68). �HV68 infects inbred and outbred
strains of mice and establishes latency, and chronic �HV68
infection is associated with induction of tumors and with severe
arteritis in immunodeficient mice (40, 51; F. Suarez, M. Jacoby,
S. A. Tibbetts, S. H. Speck, and H. W. Virgin IV, unpublished
results), providing a good system to dissect the immune and
viral requirements for chronic infection and disease.

During acute infection, �HV68 replication is detectable in

multiple organs by plaque assay. By 16 days postinfection,
acute �HV68 infection is contained and a latent infection of B
cells, macrophages, and dendritic cells is established (13, 39,
50, 52, 53, 54). Latent infection is characterized by the pres-
ence of viral genome-positive cells and the absence of high
levels of lytic virus (14, 26, 53). In certain immune-deficient
mice, a higher level of infectious virus (persistent replication)
is produced during chronic infection (18, 43, 48).

CD4 T cells are essential for maintaining the equilibrium
between virus and host during acute and chronic infection (7).
Depletion of CD4 T cells in addition to CD8 T cells worsens
acute �HV68 infection (12). In addition, CD4 T cells are crit-
ical for control of chronic infection. Mice that lack CD4 T cells,
due to a lack of major histocompatibility complex (MHC) class
II, initially clear the infection but then exhibit increasing per-
sistent infection over weeks to months, eventually leading to
severe arteritis and death of the animal (6, 7, 51). The epitopes
that these antiviral CD4 T cells recognize are not well-defined.
Two viral epitopes, gp15067-83 and ORF 11168-180, which ac-
count for 10 to 20% of the total �HV68-specific CD4 T-cell
response, have been identified in C57BL/6 mice (16).

While there is evidence that CD4 T cells play an important
role during acute and chronic infection, the mechanisms re-
sponsible for CD4 T-cell action during acute and chronic in-
fection are not well understood. As both CD8 T cells and B
cells are important for limiting the frequency of latently in-
fected cells (17, 19, 43, 50) and responses of these cells either
depend on or are regulated by CD4 T cells, it is possible that
CD4 T cells function by regulating the antiviral activity of other
cells. CD4 T cells are necessary for the expansion of virus-
specific and nonspecific T and B cells that occurs during
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�HV68 infection (6, 15, 20, 38) and are necessary for activation
of B cells during infection (38). Furthermore, CD4 T cells may
be the source of CD40L expression required to maintain la-
tency in memory B cells (14, 20, 54).

A second, but not mutually exclusive, possibility is that CD4
T cells act independently from CD8 T cells and B cells to
control �HV68 infection. Experiments by Christensen et al.
suggested that CD4 T cells have such an independent role in
controlling infection (8). By depleting CD4 and CD8 T cells in
B cell�/� mice, they showed that CD4 T cells contribute to the
control of replication in the lung in a gamma interferon (IFN-
�)-dependent manner.

To better understand how CD4 T cells contribute to control
of acute and latent �HV68 infection, we developed a model
system in which a heterologous protein, ovalbumin (OVA),
was expressed from the v-cyclin locus. The form of OVA that
we used in these experiments is efficiently presented to CD4 T
and CD8 cells (2, 21). We then used this virus to infect T-cell
receptor (TCR) transgenic (tg) mice that had CD4 T cells
specific for OVA. We reasoned that we could use this system
to dissect, under optimal conditions of high levels of antigen
expression and high T-cell frequency, the potential roles of
CD4 T cells in the control of �HV68 infection. Using this
system, we determined whether the antiviral actions of CD4 T
cells require B cells and CD8 T cells. We found that CD4 T
cells, in the absence of CD8 T cells and B cells, are sufficient to
prolong the lives of infected mice and to reduce viral titers in
multiple organs. While CD4 T cells were sufficient to reduce
viral titers, they were not sufficient in the absence of CD8 T
cells and B cells to prevent a latent infection from being es-
tablished. However, in conjunction with nonimmune CD8 T
and B cells, high levels of immune CD4 T cells, present at the
time of infection, can decrease the establishment of both early
and late forms of �HV68 latency. These data, in concert with
results obtained by McClellan et al. (26a), show an important
role for CD4 T cells in control of chronic �HV68 infection.

MATERIALS AND METHODS

Mice. Mice were housed and bred under specific-pathogen-free conditions at
the Washington University School of Medicine in accordance with all federal and
university guidelines. C57BL/6 (B6), BALB/c, and DO.11.10 (BALB/c back-
ground [29]) mice were obtained from Jackson Labs. OTII mice (B6 background
[1]) were a generous gift from Paul Allen (Washington University). Rag1�/�

mice (B6 background [27]) and Rag2�/� mice (Taconic Farms) (BALB/c back-
ground [34]) were maintained in our mouse colony. DO.11.10/RAG and OTII/
RAG mice were bred in our facility by crossing DO.11.10 or OTII mice with
Rag2�/� or Rag1�/� mice and screening progeny by flow cytometry. For all
experiments, mice were at least 8 weeks of age and were age and sex matched
within experiments.

Viruses and viral assays. �HV68.v-cyclin.LacZ (47) and �HV68.v-cyclin.OVA
(D. C. Braaten, R. Sparks-Thissen, S. Kreher, S. H. Speck, and H. W. Virgin IV,
unpublished data) (referred to here as �HV68.LacZ and �HV68.OVA, respec-
tively) were passaged in NIH 3T12 fibroblasts (50). Mice were infected with 100
PFU of virus by intraperitoneal infection (41). Tissues were harvested, and viral
titers were determined by plaque assay (50). Briefly, organs were frozen in 1 ml
of medium, thawed, and then homogenized together with 100 �l of 1.0-mm-
diameter zirconia-silica beads (Biospec, Inc.) at 3,200 rpm for 2 min with a
Mini-Bead-Beater-8 (Biospec Inc.) prior to plaque assay. All titers were deter-
mined in parallel with a viral stock of known titer. The limit of detection of the
assay used is 50 PFU per organ.

Quantitation of latency and persistent replication. The frequency of cells
reactivating from latency and the level of persistent viral replication were deter-
mined as described previously (41, 50). Briefly, cells were pooled from four or
five mice per group and then plated in serial twofold dilutions (24 wells per

dilution) starting at 1 � 105 cells/well for splenocytes and 4 � 104 cells/well for
peritoneal cells onto an indicator monolayer of mouse embryo fibroblasts in
96-well plates. Reactivation was detected as cytopathic effect in the mouse
embryo fibroblast monolayers over 21 days of culture. To detect preformed
infectious virus (persistent replication) parallel samples were mechanically dis-
rupted prior to plating. This procedure kills �99% of the cells but has at most a
twofold effect on viral titer (52), allowing for distinction between reactivation
from latency (which requires live cells) and persistent viral replication. To de-
termine the frequency of cells carrying the viral genome, single-copy sensitivity
nested-PCR assays for �HV68 gene 50 were performed on serial dilutions of cells
as previously described (43). Briefly, cells were serially diluted threefold starting
at 104 cells per reaction in a background of uninfected 3T12 cells such that a total
of 104 cells were present in each sample. Single copies of a plasmid containing
gene 50 in a background of 3T12 cells were included as a positive control. 3T12
samples with no plasmid were included as a negative control. After overnight
lysis of cells in proteinase K, nested PCR was performed and products were
visualized on a 1.5% agarose gel. For the experiments reported here, all assays
demonstrated approximately single-copy sensitivity, with no false positives (fre-
quencies for control plasmids were as follows: 10 copies, 348 of 366 positive
[95%]; 1 copy, 216 of 366 [60%]; 0.1 copy, 28 of 366 [7%]).

Flow cytometry. Flow cytometry was performed on a Becton Dickinson
FACSCalibur, and 200,000 events were collected per sample as described
previously (46). The following monoclonal antibodies were used: fluorescein
isothiocyanate–anti-V�2 (BD Biosciences catalog no. 553288), fluorescein
isothiocyanate–anti-DO.11.10 TCR (KJ1-26; Caltag Laboratories catalog no.
MM7501), phycoerythrin–anti-CD44 (BD Biosciences catalog no. 553134),
phycoerythrin–anti-CD62L (Caltag Laboratories catalog no. RM4304), and
Cy-chrome–anti-CD4 (BD Biosciences catalog no. 553654). For analysis of ac-
tivation markers, cells were first gated on live cells, using forward scatter and side
scatter, and then gated on KJ1-26� CD4� cells.

Depletion of T cells in vivo. YTS 191 (anti-CD4) (9), SFR3-DR5 (anti-HLA-
DR5, isotype control) (32), and H35 (anti-CD8) (35) were grown in HyQ
ADCF-Ab medium (HyClone) in CL1000 flasks (Integra Biosciences, Ltd.). Five
hundred micrograms of antibody per mouse was injected intraperitoneally every
4 to 5 days. Depletions were greater than 90% effective as determined by flow
cytometry (data not shown).

Statistical methods. All data were analyzed with Prism software (GraphPad
Software, San Diego, Calif.). Frequencies of reactivating and genome-positive
cells were calculated on the basis of the Poisson distribution by determining the
cell number at which 63.2% of the wells scored positive. The frequency of cells
containing preformed virus was calculated as previously described (43). The
frequencies of reactivating cells and genome-positive cells were compared by use
of the paired t test. Mice were scored as dead at the time of death or when
sacrificed if moribund, and survival data were analyzed by use of the Mantel-
Haenzsel test, with death as the primary variable. Acute titer data were analyzed
by using the Mann-Whitney test. All error bars in the figures represent the
standard errors of the means.

RESULTS

We sought to determine whether virus-specific CD4 T cells,
under optimized conditions, can limit lethal infection, acute
replication, persistent replication, and establishment of �HV68
latency by using a combination of �HV68.OVA and TCR tg
mice whose CD4 T cells are specific for an OVA peptide. OVA
was chosen as the model antigen for these studies due to the
availability of two strains of TCR tg mice whose CD4 T cells
recognize an OVA peptide in the context of MHC class II.
DO.11.10 TCR tg mice are on the BALB/c background and
contain tg CD4 T cells that recognize amino acids 323 to 339 of
OVA together with MHC class II I-Ad (29, 33). OTII TCR tg
mice are on the B6 background and contain tg CD4 T cells that
recognize the same epitope together with MHC class II I-Ab

(1, 33). To determine whether antiviral activities of CD4 TCR
tg T cells in this optimized system require CD8 T cells or B
cells, we bred the DO.11.10 and the OTII TCR transgenes
onto the T- and B-cell deficient RAG background, generating

6828 SPARKS-THISSEN ET AL. J. VIROL.



mice expressing only CD4 T cells specific for OVA (data not
shown).

�HV68.OVA-infected cells are recognized by TCR tg CD4 T
cells. �HV68.OVA expresses a fusion protein of OVA with
the transferrin receptor transmembrane domain, which is
efficiently processed and presented to both CD4 and CD8 T
cells (21, 22). Expression of this fusion protein is driven at
a high level by the cytomegalovirus immediate-early pro-
moter. The expression cassette was inserted into the v-cyclin
locus. �HV68.OVA makes OVA during in vitro and in vivo in-
fection, grows normally in vitro, and is recognized by OTI TCR
tg CD8 T cells specific for OVA (Braaten et al., unpublished
data). �HV68.LacZ expresses the lacZ gene from the same
locus and was used as a control for antigen specificity (47).

To determine whether OVA expressed in �HV68.OVA-in-
fected cells was processed and presented on I-Ad, DO.11.10/
RAG mice were left uninfected or were infected with
�HV68.OVA or �HV68.LacZ. Sixteen days later, splenic
CD4 T cells were stained for activation markers (CD44 and
CD62L). DO.11.10 T cells from uninfected or �HV68.LacZ-
infected mice were not activated, as shown by high levels of
CD62L and low levels of CD44 (Fig. 1A, B, E, and F). In
contrast, DO.11.10 T cells from �HV68.OVA-infected mice
were activated, as shown by high levels of CD44 (Fig. 1D)
and low levels of CD62L (Fig. 1C). This demonstrated that

DO.11.10 T cells are activated in an antigen-specific manner
during infection with �HV68.OVA.

It was of interest to compare the frequencies of virus-specific
CD4 T cells in this optimized system to the CD4 T-cell re-
sponse during �HV68 infection. During infection, approxi-
mately 1 of 48 CD4 T cells are specific for �HV68 antigens at
21 days postinfection (16). Based on published estimates of the
number of virus-specific CD4 T cells (50), we estimate that
there are approximately 4.5 � 105 �HV68-specific CD4 T cells
at 21 days postinfection. In contrast, approximately 2 � 106

CD4 T cells in the DO.11.10/RAG mice (data not shown) and
1 � 107 CD4 T cells in the DO.11.10 (11) mice are OVA
specific. This suggests that, in our model system, there are
approximately 5-fold more �HV68.OVA-specific CD4 T cells
in DO.11.10/RAG mice and approximately 22-fold more
�HV68.OVA-specific CD4 T cells than the number of �HV68-
specific CD4 T cells found during �HV68 infection.

OVA-specific CD4 T cells inhibit lethal �HV68 infection in
the absence of CD8 T cells or B cells. We next determined
whether OVA-specific CD4 T cells were sufficient to protect
against lethal infection by infecting DO.11.10/RAG mice with
�HV68.OVA. DO.11.10/RAG mice infected with �HV68.
OVA survived an average of 10 more days than DO.11.10/
RAG mice infected with the control virus, �HV68.LacZ (mean
time to death, 29 days; P � 0.0001) (Fig. 2A). This effect was
not due to attenuation of �HV68.OVA, as �HV68.OVA and
�HV68.LacZ were equally virulent in BALB/c RAG mice (Fig.
2B) (P 	 0.7712). The effect of the DO.11.10 CD4 T cells was
OVA specific, since �HV68.LacZ was equally virulent in both
BALB/c RAG and DO.11.10/RAG mice (Fig. 2A and B) (P 	
0.7712). Together, these data demonstrate that CD4 T cells are
sufficient to prolong the life span of the mouse after �HV68
infection in the absence of detectable CD8 T cells and B cells.

To confirm these results for a different mouse background
and MHC haplotype, we also performed experiments with
OTII/RAG mice. OTII/RAG mice infected with �HV68.OVA
survived an average of 10 days longer than mice infected with
�HV68.LacZ (P 	 0.0031) (Fig. 2C). B6 RAG mice infected
with either �HV68.OVA or �HV68.LacZ survived approxi-
mately 20 days, with no significant difference in survival be-
tween the two viruses (P 	 0.1518), confirming that the OVA
virus was not attenuated in B6 RAG mice (Fig. 2D). Simi-
larly, B6 RAG mice and OTII/RAG mice infected with
�HV68.LacZ had a mean time to death of 20 days (P 	
0.4880), demonstrating that the effect of OTII CD4 T cells is
OVA specific. (Fig. 2C and D). These experiments confirmed
that OVA-specific CD4 T cells mediated increased survival
following �HV68 infection in the absence of detectable CD8 T
cells and B cells.

To confirm that the increased survival of DO.11.10/RAG mice
after infection was due to the presence of CD4 T cells, we de-
pleted CD4 T cells and then infected the mice with �HV68.OVA.
As controls, mice were left untreated or were treated with an
isotype control antibody or antibody specific for CD8. Untreated
mice and mice treated with either the isotype control or anti-CD8
antibodies died with approximately the same kinetics (Fig. 3).
However, mice treated with anti-CD4 died an average of 10 days
faster than untreated (P � 0.0001), isotype control-treated (P 	
0.0012), or anti-CD8-treated mice (P 	 0.0001) (Fig. 3). To-
gether, these data demonstrated that CD4 T cells can delay lethal

FIG. 1. DO.11.10 T cells are activated during infection with
�HV68.OVA. DO.11.10/RAG mice were infected for 16 days with
either �HV68.OVA or �HV68.LacZ. Splenocytes were isolated and
stained with antibodies against CD4, the DO.11.10 TCR (KJ1-26), and
either CD62L or CD44. Cells were gated on KJ1-26� CD4� cells prior
to analysis (approximately 10% of the total splenocytes). Numbers in
the graphs represent the percentage of cells staining positive 
 stan-
dard error of the mean from four independent experiments.
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�HV68 infection in the absence of CD8 T cells or B cells. How-
ever, CD4 T cells were not sufficient to completely protect mice
from �HV68 infection.

OVA-specific CD4 T cells eliminate detectable replication of
�HV68 at 16 days after infection. To determine whether the
increased life spans of infected DO.11.10/RAG mice corre-
lated with reduced viral replication in these mice, we measured
the amount of virus in the spleen and liver at 16 days after
infection with either �HV68.OVA or the control virus,
�HV68.LacZ. Both viruses grew to equivalent titers in the
spleens (P 	 0.9372) and livers (P 	 0.7618) of RAG mice
(Fig. 4B and D). In addition, �HV68.LacZ grew to equivalent
titers in the spleens (P 	 0.6282) and livers (P 	 0.1797) of

both DO.11.10/RAG and RAG mice, demonstrating that the
OVA-specific CD4 T cells did not alter the titer of a virus that
does not express the OVA epitope (Fig. 4A and C). In con-
trast, DO.11.10/RAG mice infected with �HV68.OVA had
1,000-fold-lower titers of virus in the liver (P 	 0.0002) and
100-fold-lower titers in the spleen (P 	 0.0001) than RAG
mice (Fig. 4A and C). Viral titers in DO.11.10/RAG mice
infected with �HV68.OVA were at or below the level of sen-

FIG. 2. OVA-specific CD4 T cells partially protect against lethality in RAG mice. DO.110/RAG (A), BALB/c RAG (B), OTII/RAG (C), or
B6 RAG (D) mice were infected with either �HV68.OVA or �HV68.LacZ and monitored for survival from infection. The data shown here were
pooled from three independent experiments. N, number of mice per group.

FIG. 3. Survival from infection in DO.11.10/RAG mice is depen-
dent on CD4 T cells. DO.11.10/RAG mice were left untreated or
treated with isotype control, anti-CD8, or anti-CD4 and then infected
with �HV68.OVA and assayed for survival from infection. Data were
obtained from two independent infections. N, number of mice per
group.

FIG. 4. OVA-specific CD4 T cells control virus titer at 16 days
postinfection. DO.11.10/RAG (A and C) or RAG (B and D) mice were
infected with either �HV68.OVA or �HV68.LacZ. At 16 days post-
infection, spleens (A and B) and livers (C and D) were harvested and
the amount of virus was quantitated by plaque assay. N, number of
mice per group. The dashed lines indicate the limit of sensitivity of the
plaque assay. Data were pooled from two independent experiments.
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sitivity of the plaque assay. Only 4 of 10 DO.11.10/RAG mice
infected with �HV68.OVA had detectable virus in the spleen,
and only 3 of 10 had detectable virus in the liver. These data
demonstrated that OVA-specific CD4 T cells are sufficient to
control �HV68.OVA replication, even in the absence of CD8
T cells or B cells.

Latent infection is established in mice containing only OVA-
specific CD4 T cells. The experiments described above show
that OVA-specific CD4 T cells efficiently controlled replication
of �HV68.OVA in the absence of CD8 T cells and B cells (Fig.
4). However, it was possible that despite efficient control of
viral replication, �HV68.OVA was still capable of establishing
latency in DO.11.10/RAG mice. We therefore considered the
hypothesis that CD4 T cells would be sufficient to establish, in
the absence of B cells and CD8 T cells, an equilibrium between
the virus and host in which replication was controlled but
latency was present.

To test this hypothesis, we infected DO.11.10/RAG mice
with �HV68.OVA or �HV68.LacZ and measured the quantity
of preformed infectious virus and latent virus 16 days after
infection. Since the presence of preformed virus would poten-
tially obscure detection of latency, we first looked at the
amount of preformed virus in both samples. Peritoneal cells
from �HV68.OVA-infected DO.11.10/RAG mice contained
400-fold-less preformed virus than cells from �HV68.LacZ-
infected mice (Fig. 5A and B) (P � 0.0001). This is consistent

with the decrease in viral titers seen in spleen and liver 16 days
after infection as measured by plaque assay (Fig. 4). The de-
crease in the amount of preformed �HV68.OVA in samples
from DO.11.10/RAG mice was dependent on CD4 T cells,
since depletion of CD4 T cells (Fig. 6C) (but not treatment
with an isotype control or anti-CD8 antibody [Fig. 6A and B])
resulted in an increase in preformed virus to levels seen after
infection with �HV68.LacZ (P 	 0.0001). Thus, CD4 T cells
control persistent infection in peritoneal cells in the absence of
B cells or CD8 T cells.

We next evaluated the frequency of latently infected cells in
DO.11.10/RAG mice infected with either �HV68.OVA or
�HV68.LacZ. The level of preformed virus in peritoneal cells
of �HV68.OVA-infected DO.11.10 mice was sufficiently low to
allow us to detect a significant level of viral latency (Fig. 5A).
Latency was also detected after depletion with either an iso-
type control or anti-CD8 antibody (Fig. 6A and B) but not
after treatment with anti-CD4 (Fig. 6C), demonstrating that
CD4 T cells were necessary for detection of latency. These data
correlate with the demonstration that in DO.11.10/RAG mice
there were 40-fold fewer viral genome-bearing peritoneal cells
after infection with �HV68.OVA than after infection with
�HV68.LacZ (P 	 0.0056) (Fig. 5C). This indicates that a
latent infection was established in the presence of OVA-spe-
cific CD4 T cells. However, these experiments did not allow us
to compare the levels of �HV68.OVA latency in the presence

FIG. 5. A latent infection is established after infection with �HV68.OVA in DO.11.10/RAG mice. DO.11.1O/RAG mice were infected with
either �HV68.OVA (A and C) or �HV68.LacZ (B and C). At 16 days after infection, peritoneal cells were harvested and subjected to
limiting-dilution ex vivo reactivation (A and B) or limiting-dilution PCR (C) assays. Data were pooled from four independent experiments.

FIG. 6. Latent infection in DO.11.10/RAG mice is dependent on CD4 T cells. Prior to infection with �HV68.OVA, DO.11.10/RAG mice were
treated with isotype control (A), anti-CD8 (B), or anti-CD4 (C) antibodies. At 16 days after infection, peritoneal cells were harvested and subjected
to limiting-dilution ex vivo reactivation assays. Data were pooled from three independent experiments.
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and absence of OVA-specific T cells. This is because the high
levels of �HV68.OVA replication in RAG mice and the high
levels of �HV68.LacZ replication in DO.11.10/RAG mice pre-
cluded quantification of latency.

CD4 T cells reduce the frequency of cells that reactivate ex
vivo from latency. It has been reported that epitope-specific
CD8 T cells limit early �HV68 latency (assayed 16 days after
infection) but not late �HV68 latency (assayed 42 days after
infection) (4, 24, 37, 45). It was of interest to determine
whether epitope-specific CD4 T cells could limit both early and
late �HV68 latency. Since we were unable to determine
whether OVA-specific CD4 T cells inhibited the establishment
of �HV68.OVA latency in DO.11.10/RAG mice, we addressed
this question by using DO.11.10 mice, which contain high levels
of OVA-specific CD4 T cells prior to infection but also contain
nonimmune CD8 T cells and B cells. We hypothesized that
high numbers of preexisting CD4 T cells specific for OVA
would inhibit the establishment of �HV68 latency in DO.11.10
mice.

To test this hypothesis, we infected DO.11.10 mice with
�HV68.OVA or �HV68.LacZ and determined the effect of
OVA-specific CD4 T cells on the frequency of cells that reac-
tivate from latency ex vivo. At 16 days postinfection, the fre-
quency of peritoneal cells reactivating from latency in
DO.11.10 mice infected with �HV68.OVA was decreased 10-
fold compared to that in �HV68.LacZ-infected mice (P 	
0.0014) (Fig. 7A). DO.11.10 mice infected for 42 days with
�HV68.OVA also showed a significant (P 	 0.0143) decrease
in the frequency of cells reactivating from latency compared to
�HV68.LacZ-infected mice (Fig. 7B). This was not due to a
defect in the capacity of �HV68.OVA to reactivate, as reacti-
vation of the two viruses was equivalent in BALB/c mice (data
not shown). No preformed virus was detected after infection
with either virus in DO.11.10 mice (data not shown). These
data suggested that OVA-specific CD4 T cells inhibit ex vivo
reactivation from both early and late �HV68 latency.

To determine if this reduction in reactivation from latency
was dependent on CD4 T cells, we depleted CD4 T cells from
both �HV68.OVA- and �HV68.LacZ-infected mice and mea-
sured the frequency of peritoneal cells reactivating from la-
tency. DO.11.10 mice infected with �HV68.LacZ had similar
frequencies of cells reactivating from latency whether the mice

were treated with an isotype control antibody or anti-CD4
(data not shown). Mice treated with anti-CD4 and then in-
fected with �HV68.OVA had a 14-fold increase in the fre-
quency of cells reactivating from latency compared to mice
treated with the isotype control (Fig. 7C) (P 	 0.0019), dem-
onstrating that the decrease in the frequency of cells reactivat-
ing from latency is dependent on CD4 T cells. Together, these
data demonstrated that CD4 T cells can effectively limit the
frequency of cells that reactivate ex vivo from �HV68 latency.

CD4 T cells reduce the establishment of �HV68 latency.
CD4 T-cell effects on the frequency of cells that reactivate
from latency could be explained either by effects on the fre-
quency of cells that carry the latent virus (establishment of
latency) or by alterations in the efficiency with which latently
infected cells reactivate in ex vivo assays (43). We therefore
tested the hypothesis that OVA-specific CD4 T cells decrease
the frequency of cells carrying the viral genome. The frequency
of cells carrying the �HV68.OVA genome was decreased sig-
nificantly at both 16 (30-fold; P 	 0.0044) and 42 (P 	 0.0001)
days after infection for �HV68.OVA compared to �HV68.
LacZ (Fig. 8A and B). This was not due to a defect in the
capacity of �HV68.OVA to establish infection, as the frequen-
cies of genome-positive cells after infection with both viruses
were equivalent in BALB/c mice (data not shown). In addition,
DO.11.10 mice pretreated with anti-CD4 and then infected
with �HV68.OVA had a 12-fold increase in the frequency of
cells containing the viral genome compared to mice pretreated
with an isotype control antibody (P 	 0.0045) (Fig. 8C). This
frequency was similar to that for �HV68.LacZ-infected mice
treated with either control antibody or anti-CD4 (data not
shown). These results demonstrated that the presence of virus-
specific CD4 T cells at the initiation of infection can limit the
establishment of both the early and late latency but that even
an optimized CD4 T-cell response to a single virus-encoded
protein cannot completely prevent establishment of latency.

DISCUSSION

In this report, we demonstrate significant antiviral activities
of CD4 T cells, in the absence of B cells or CD8 T cells, in the
control of acute and chronic �HV68 infection. These CD4
T-cell helper function-independent antiviral effects were man-

FIG. 7. OVA-specific CD4 T cells reduce the frequency of peritoneal cells reactivating ex vivo. DO.11.10 mice were infected with either
�HV68.OVA or �HV68.LacZ for either 16 (A and C) or 42 (B) days. Peritoneal cells were harvested and subjected to limiting-dilution reactivation
assays. For panel C, DO.11.10 mice were treated with anti-CD4 or isotype control antibodies prior to infection with �HV68.OVA. Data were
pooled from three independent experiments.
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ifested by the capacity of these cells to delay virus-induced
death and to effectively control viral replication. These findings
demonstrate that helper function-independent antiviral effects
of CD4 T cells may play a significant role in control of chronic
herpesvirus infection. Consistent with this, we showed that
preexisting immune CD4 T cells are capable of significantly
decreasing the establishment of both early and late gamma-
herpesvirus latency. This finding contrasts with the ineffective-
ness of CD8 T-cell responses in preventing the establishment
of the late form of gammaherpesvirus latency (4, 37, 44).

The data presented here suggest that CD4 T cells may have
independent antiviral function in the control of acute and
latent �HV68 infection. However, the data presented here
were derived from a system that used both a nonviral antigen
and a high frequency of antiviral CD4 T cells. In addition, we
chose to drive expression of OVA from the CMV immediate-
early promoter so that the protein would be expressed at high
levels, and we selected a form of OVA that is known to be
efficiently presented to CD4 T cells (21). We designed this
system to test what CD4 T cells could do under optimal con-
ditions of high antigen expression and high CD4 T-cell fre-
quency. Further experiments are needed to determine whether
the mechanisms defined here extend to CD4 T cells specific for
�HV68 antigens, such as the previously identified antigens
ORF11 and gp150 (16). However, the relevance of these stud-
ies is substantiated by the demonstration that, in the absence of
immune antibody, CD4 T cells play a critical role in vaccina-
tion against �HV68 latency (26a). Further experiments will
also be necessary to determine whether the functions of CD4
T cells defined here are dependent on the route of inoculation,
although establishment of latency is independent of both route
and dose of inoculation (43).

Helper function-independent effects of CD4 T cells on
�HV68 infection. The existence of B-cell- and CD8 T-cell-
independent antiviral activity of CD4 T cells during �HV68
infection has been strongly suggested by studies using deple-
tion of CD4 and CD8 T cells in B-cell-deficient mice (8).
However, these B-cell-deficient mice might theoretically make
physiologically important CD4-dependent antiviral immuno-
globulin A responses (25). In addition, CD8 T cells may play a
critical role in controlling �HV68 infection in these B-cell-
deficient mice (8), and the role of CD8 T cells in CD4 T-cell

function during �HV68 infection is controversial. For example,
some studies have found no CD4 dependence of CD8 re-
sponses to �HV68 (3, 36). In contrast, other studies have
argued for functional deficiencies in the CD8 T-cell response
to �HV68 in the absence of CD4 T-cell help (7, 23). Thus, it
might be that loss of CD4 T-cell help for the few CD8 T cells
remaining in B-cell-deficient mice after anti-CD8 treatment
might contribute to the effects of CD4 T cells in this system.

This being the case, we felt it important to determine, using
a genetic approach, whether CD4 T cells can independently
exhibit antiviral activity in the complete absence of CD8 T cells
and B cells. We therefore developed a system utilizing infec-
tion with �HV68.OVA to take advantage of the availability of
TCR tg mice containing CD4 T cells specific for OVA. Breed-
ing these mice with RAG mice allowed analysis of CD4 T cells
in the absence of CD8 T cells and B cells. It is possible that
these TCR tg/RAG mice would have OVA-specific CD8 cells.
However, we showed that the effects of tg expression in these
mice required CD4 T cells and were not affected by adminis-
tration of anti-CD8 antibody. Using these mice, we confirmed
the conclusion of Christensen et al. (8) that CD4 T cells can
exert B-cell- and CD8 T-cell-independent control of �HV68
infection.

Effects of CD4 T cells on latency. One of the most striking
findings in the �HV68 system is that strong CD8 T-cell re-
sponses, even responses that dramatically reduced replication
during acute infection, fail to prevent the establishment of
normal levels of �HV68 latency (4, 37, 42). In contrast, vacci-
nation with a reactivation-defective live attenuated mutant of
�HV68 effectively diminishes (to below detectable levels) the
establishment of both early and late �HV68 latency, even in
CD8-deficient mice (42). This shows that there must be an
immune mechanism or mechanisms that can prevent the es-
tablishment of latency but that immunization of CD8 T cells, at
least for the antigens evaluated to date, is not effective in
isolation to prevent establishment of the late form of �HV68
latency. Consistent with this, McClellan et al. report that de-
pletion of CD4 T cells decreases the efficacy of vaccination
against �HV68 latency (26a).

The potency of CD4 T cells in controlling acute �HV68
replication, even in the absence of B cells or CD8 T cells in the
�HV68.OVA system, together with the fact that effective vac-

FIG. 8. OVA-specific CD4 T cells reduce the frequency of peritoneal cells carrying the viral genome. DO.11.10 mice were infected with either
�HV68.OVA or �HV68.LacZ for either 16 (A and C) or 42 (B) days. Peritoneal cells were harvested and subjected to limiting-dilution PCR assays.
For panel C, DO.11.10 mice were treated with anti-CD4 or isotype control antibodies prior to infection with �HV68.OVA. Data were pooled from
three independent experiments.
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cination with a reactivation-deficient �HV68 mutant occurs in
CD8-deficient mice (42), suggested to us that CD4 T cells
specific for a virus-encoded antigen might, if present at high
enough levels from the beginning of infection, inhibit the es-
tablishment of early and late �HV68 latency. While the TCR tg
mice contain a higher frequency of antiviral CD4 T cells than
seen after primary viral infection, vaccination would generate
an increased number of immune CD4 T cells. We found that
preexisting CD4 T cells specific for OVA can limit the estab-
lishment of both early and late �HV68 latency. Further exper-
iments will be necessary to determine whether the CD4 T-cell-
mediated reduction in latency observed in DO.11.10 mice
requires B cells and/or CD8 T cells. We cannot determine
whether a reduction of latently infected cells was seen in the
absence of B cells and CD8 T cells (DO.11.10/RAG mice), as
no latency was detected in �HV68.LacZ-infected mice due to
the high level of productive infection. This also shows that it is
not necessary to have preexisting responses to many different
viral antigens or combined preexisting CD4, CD8, and B-cell
responses to limit the establishment of latency.

Of interest is that the effectiveness of CD4 T cells in con-
trolling �HV68 replication in DO11.10/RAG mice allowed us
to detect latently infected cells in the absence of either CD8
T-cell responses or B-cell responses. This establishes that CD8
T cells and antibody responses are not required for the estab-
lishment of �HV68 latency in either macrophages or dendritic
cells. These findings do not address the role of CD4 T cells in
controlling latency in B cells, which are not present in RAG-
deficient mice. However, it may be that inhibition of the es-
tablishment of latency, as observed in DO.11.10 mice, requires
the presence of CD8 T cells or B cells present in these mice.

What CD4 T cells cannot do alone. While the studies that we
present here show that high enough levels of virus-specific
CD4 T cells can have significant effects on �HV68 replication,
lethality, and latency, it is clear from our results that CD4 T
cells specific for a single virus-encoded protein cannot com-
pletely control infection. For example, since CD4 T cells alone
only delay lethal infection in DO.11.10/RAG mice, it is clear
that cells other than CD4 T cells in DO.11.10 TCR tg mice
must contribute to the prolonged survival of these mice (data
not shown) compared to DO.11.10/RAG mice. The cause of
death in DO.11.10/RAG mice is not known, and thus the
reason that CD4 T cells alone are not sufficient to control
infection remains to be determined. This issue is especially
interesting since we observe very effective control of virus rep-
lication in spleen and liver by OVA-specific CD4 T cells as late
as 16 days after infection, but the mice die about 10 days later.
It is possible that viral mutants that evade CD4 T-cell control
might arise in these mice. Alternatively, the quality and effec-
tiveness of CD4 T-cell responses might wane in the absence of
B cells or CD8 T cells.

Mechanism of CD4 T-cell action in the control of �HV68
infection. The data showing that CD4 T cells can control rep-
lication, prevent lethal infection, and inhibit the establishment
of latency are consistent with other studies showing that CD4
T cells play a critical role in regulating chronic �HV68 infec-
tion (6, 7, 24, 51). Together with evidence that CD4 T cells can
recognize Epstein-Barr virus latent antigens and both exhibit
cytotoxicity and secrete IFN-�, these data support the concept
that CD4 T cells are critically important regulators of gamma-

herpesvirus latency (5, 28, 30, 31). This makes identification of
mechanisms of CD4 T-cell action against gammaherpesviruses
an important goal.

In this regard, the data presented here add helper-indepen-
dent antiviral effects of CD4 T cells to standard helper func-
tions as potential mechanisms for the effects of CD4 T cells on
�HV68 pathogenesis. It will be important to define the mech-
anism(s) responsible for the B- and T-cell-independent effects
on �HV68 infection observed here to understand their relative
importance in CD4 T-cell function. Clearly, a lead candidate
for a cytokine important for CD4 T-cell action is IFN-� (8, 10,
51). Alternatively, CD4 T cells could act by directly lysing
infected cells. For example, CD4 T cells isolated from Epstein-
Barr virus-infected patients can lyse target cells in vitro (5, 28,
31).

A role for IFN-� in CD4 T-cell function during latency is
strongly suggested by studies using antibody to IFN-� to dem-
onstrate a critical role for this cytokine in control of �HV68
infection (8, 10). However, the cells responsible for IFN-�
secretion in these systems (e.g., CD4 T cells, CD8 T cells, or
NK cells) have not been identified. It will be important to
determine which cells secrete physiologically effective amounts
of IFN-� and to determine the IFN-� dependence of helper
and helper-independent functions of CD4 T cells to under-
stand how IFN-� secretion relates to CD4 T-cell function.
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